INTRODUCTION
Recently, a locus responsible for maturity-onset diabetes of the young (MODY), a form of non-insulin-dependent diabetes mellitus (NIDDM), has been mapped to chromosome 20 in a large, multigeneration pedigree called the R.-W. pedigree. Bell et al. (1991) reported linkage between MODY and the adenosine deaminase (ADA) gene with a lod score of 5.25 at a recombination fraction of 0.00. In our laboratory, multipoint linkage analysis with nine RFLP loci maps the MODY locus to an approximately 20-CM region including D20S16 and D20S14/D20S18 (Bowden et al., 1992a,b) . There is significant evidence for genetic heterogeneity in MODY, but branches of the R.-W. family with clear early onset of diabetes have a lod score of greater than 10 at 19 = 0.001 with marker D20S16 (Bowden et al., 1992b) . We are therefore interested in mapping additional markers in this region of the chromosome, particularly genes that might be candidates for the MODY locus.
One such candidate is the PLCl gene, which codes for phospholipase C. The intracellular second messengers diacylglycerol and inositol1,4,5-triphosphate are known to be important in the regulation of cellular activity (reviewed in Berridge, 1987) , and their production in response to the binding of specific agonists to cellular receptors is mediated by activated phosphatidylinositolspecific phospholipase C (PLC) enzymes. There is good evidence for a primary role of PLC, phosphoinositide metabolism, and activation of C kinases in the secretory processes that regulate glucose-stimulated insulin secretion (Zawalich, 1988) . In addition, phospholipase C mimics the action of insulin on adipose tissue (Honeyman et al., 1983) . This suggests that PLC could play a role in MODY. Stahl et al. (1988) have reported the cloning and sequencing of a cDNA (PLC-148) encoding a bovine phosphatidylinositol-specific PLC. Interestingly, PLC-148 displays striking sequence similarity with the noncatalytic domain of the nonreceptor tyrosine kinases (e.g., src; Stahl et al., 1988) . PLC-148 was subsequently used to isolate a human genomic clone that by in situ hybridization mapped the human gene (PLCl) to chromosome 20 at a position of q12-q13.1 (Bristol et al., 1988) . Dinucleotide repeat sequences of the form (dCdA), . (dG-dT), are abundant repetitive DNA elements that exhibit length polymorphisms (Litt and Luty, 1989; Weber and May, 1989) . We have characterized such a dinucleotide repeat polymorphism at the PLCl locus, and linkage analysis was used to map the PLCl gene with respect to the MODY locus and other genetic markers on chromosome 20.
MATERIALS AND METHODS
The PLC-148 cDNA subcloned in Bluescript (Stahl et al., 1988) (1989) , with the exception that 1 m&f spermidine was included in all samples. Samples were processed through 35 temperature cycles consisting of 1 min at 94"C, 1.5 min at 58"C, and 2 min at 72"C, with the last elongation step lengthened to 7 min, and the products were analyzed on standard sequencing gels (6%) as described in Weber and May (1989 were used, the PLC-148 cDNA clone did not reveal restriction fragment length polymorphisms.
Two overlapping cosmids that hybridized to PLC-148 cDNA were isolated from a genomic library and screened for the presence ofdinucleotide repeats by hybridization with 32P-labeled (dCdA), * (dG-dT), polynucleotides.
Upon subcloning and DNA sequence analysis, the cosmid PLC/S104 was found to have a perfect dinucleotide repeat sequence of 42 nucleotides in length (i.e., 21 repeats). Primers flanking the PLCl dinucleotide repeat were used for PCR amplification of this region with parent DNAs from 40 CEPH kindreds. The PLCl dinucleotide repeat was informative in 37 of 40 families (59 of 78 individuals were heterozygous), with a corresponding PIC of 0.72. The PLCl dinucleotide repeat polymorphism was then genotyped on the 37 informative families, which amounted to 431 informative meioses. An example of the segregation of the polymorphism in CEPH kindred 28 is shown in Fig. 1 . As is typical of PCR amplification of dinucleotide repeats, multiple bands are seen for each allele. Thus, the (lighter) band above the indicated allele most likely corresponds to the slower moving GT-containing strand, whereas the other minor bands are likely due to slippage during PCR (discussed in Weber and May, 1989; Litt and Luty, 1989) . In practice, the additional minor bands present little problem in accurate genotyping. The varying allele sizes and their frequencies for 109 unrelated individuals in the CEPH pedigrees are given in Table 1 . Except for the Z(0) allele, with a frequency of 46.8%, the other 13 alleles were well distributed over a range of frequencies (0.9-10.6%), making the polymorphism highly informative. The data from the CEPH PLCl genotyping were merged with the CEPH (Version 4) genotypic data. Also included in the analysis were the ADA AluVpA polymorphism (Economou et al., 1990 ; data kindly provided by S. E. Antonarakis) and a dinucleotide repeat polymorphism (PIC = 0.53) from the D20S17 locus (C. Rothschild, unpublished results). The results of twopoint linkage analysis are shown in Table 2 . A lod table for sex-equal analysis of chromosome 20-markers with z max > 3.0 is shown. In addition, the z,,, , 0 for sex-specific analysis, and the corresponding x2 evaluation (Ott, 1985) of the difference between the male and female recombination fractions are shown. PLCl displays tight linkage with D20S16 (z,,, = 41.25), D20S17 (z,, = 42.81), and the ADA locus (zmax = 57.24). For all markers except D20S18, the maximum likelihood estimates of the recombination fractions for females are significantly (P < 0.05) greater than those for males. Multipoint analysis places PLCl between D20S17 and D2OS18, approximately 6.6 CM from D20S17 and 11.2 CM from D20S18. In Fig. 2 , the region of the maximum likelihood map spanning D20S5 to D20S4 is shown. The odds against alternative placements for PLCl are also shown; PLCl is >104:1 more likely to be in the interval flanked by D20S17 and D20S18 than in any other interval. This placement of PLCl is in agreement with previous in situ mapping studies that localized PLCl to q12-q13.1 (Bristol et al., 1988) and D20S16 to q13.1 (N. Rao, personal communication). When the x2 test for heterogeneity was applied to the sex-equal and sex-specific multipoint log likelihoods for the region of the map from D20S5 to D20S4 (seven markers), it was found that the recombination rates for this region of the chromosome are significantly higher (P < 2.5 X 10m6; 6 degrees of freedom) for females than for males. Thus, multipoint linkage analysis mapped PLCl21.7 CM from D20S18 and 12.0 CM from D20S17 using female meioses, but only 5.0 CM from D20S18 and 2.0 CM from D20S17 using male meioses.
Linkage of the PLCl Locus to MODY
The PLCl dinucleotide repeat polymorphism was genotyped on the R.-W. family, a large pedigree in which linkage of chromosome 20 markers to MODY was established (Bell et al., 1991; Bowden et al., 1992a) . Two branches of the family (II,2 and 11,5) have clinically documented MODY, i.e., NIDDM onset at less than 25 years of age, while there is no evidence of early onset in the other two branches (II,3 and 11,6; Bowden et al., 199213) . Using the LINKAGE program (Version 4.9) (Lathrop et al., 1984) , the PLCl dinucleotide repeat shows linkage to MODY in the II,2 and II,5 branches of the R.-W. family, with a maximum lod score of 4.57 and a maximum likelihood estimate of the recombination fraction of d = 0.089, with a 95% confidence interval of 0.025 Q d < 0.235. There are five obligate recombinants (individuals 111-32, 111-35, IV-138, IV-164, and IV-168; Bowden et al., 1992a) , thus excluding PLCl as a candidate gene for MODY. Analysis of the II,3 and II,6 (late onset) branches of the R.-W. family showed no evidence for linkage (i.e., z < 0 for 0 < 0.5).
Results of multipoint linkage analysis of MODY with loci spanning D20S4 to D20S5 are summarized in Fig. 2 . The 95% confidence interval for MODY (maximum LOD = 12.67 ) is an 11-CM region centered at D20S16. The odds against placement of MODY in each interval along the map are also shown.
DISCUSSION
Through locus expansion by cosmid walking, we have isolated a genomic clone for the PLCl gene. The genomic clone contained a polymorphic dinucleotide repeat sequence of the form (dC-dA),, with a PIC = 0.72. The high PIC value agrees well with the values reported in the analysis by Weber (1990) , where in general, it was found that the informativeness of (dC-dA), . (dG-dT), polymorphisms increases with an increasing number of repeats to a maximum PIC of approximately 0.8 at 21-24 (dC-dA) repeats. In parallel surveys we have found that >60% of cosmids contain dinucleotide repeats of the (dC-dA); (dG-dT), type, as might be predicted if the approximately 50,000 such repeats (Weber and May, 1989) are randomly dispersed throughout the genome.
Multipoint analysis places PLCl between D20S18 and D20S17, with two-point lod scores of >40 for PLC and the highly informative markers at D20S17, ADA, and D20S16. x2 analysis of both the two-point and the multipoint data indicated that except for the interval between PLCl and D20S18, there is a significant (P < 0.05) increase in female vs male recombination rates for the region spanning D20S5 to D20S4. An increase in female recombination rates for this region of chromosome 20 is consistent with the microsatellite map of Hazan et al. (1992) and has been documented in earlier maps of the chromosome (Donis-Keller et al., 1987; Nakamura et al., 1989) , although the reported values for genetic lengths vary. Thus, for the interval D20S4 to D20S5, multipoint analysis with PLCl results in female and male genetic lengths of 87 and 27 CM, respectively, compared to previously reported lengths of 137 and 22 CM (Donis-Keller et al., 1987) and 35 and 18 CM (Nakamura et al., 1989), respectively. These earlier maps, however, had few markers in this region of the chromosome. It would be expected that the addition of highly informative markers (e.g., ADA and the PLCl and D20S17 dinucleotide repeats) should give an increasingly accurate estimate of genetic length.
The PLCl locus shows significant linkage to MODY knax = 4.57; 8 = 0.089). Multipoint linkage analysis strongly suggests (with odds > 105:1) that the MODY locus lies within the region defined by PLCl and D20S4. The most likely placement for MODY is within an ll-CM region centered at D20S16. Although essentially in agreement with our earlier analysis (Bowden et al., 1992a,b) , inclusion of the PLCl data has narrowed the LOD curve and shifted the most likely placement for MODY away from D20S17 and toward D20S16. The observation of multiple obligate crossovers eliminates PLCl as a candidate gene for MODY, but the PLCl dinucleotide repeat polymorphism should be useful in establishing linkage (or lack thereof) between the chromosome 20 MODY locus and diabetes in kindreds other than the R.-W. family.
Evidence suggests there are a number of distinct enzymes with phosphatidylinositol-specific PLC activity (Ryu et al., 1987; Hoffman and Majerus, 1982) . In light of the importance of these enzymes in the regulation of cellular activity, as well as the similarity between PLC-148 and known oncogenes, the polymorphism described here may allow evaluation of a role for the PLCl gene in oncogenesis. In addition, the PLCl polymorphism may help in delimiting the deletions on chromosome 20 seen in some myelodysplastic syndromes such as polycythemia vera (e.g., Rege-Cambrin et al., 1987 
